Abstract: A slot waveguide formed by high absorption active material is proposed to reduce the propagation loss for monolithic integration. The low propagation loss is attained by concentrating the optical field inside the low-index slot region without absorption. The simulation results show that the propagation loss at 1.55 m for the slot waveguide can be as low as 1.5 dB/cm in active material with an absorption coefficient of 3000 cm À1 , whereas the optical profile is set to be confined within 650 nm.
Introduction
Photonic integrated circuits (PICs), consisted of active and passive devices linked by waveguides, have been developed for reducing cost and power consumption in the optical communications and signal processing systems [1] - [6] . For III-V compound semiconductor based monolithic integration, severe large propagation loss of the waveguide formed by using the same material as the active devices is unavoidable, because they have the same band gap for optical transition. It's reported that the propagation loss of the strip waveguides in the same material as the optical sources is very high and obviously unsuitable for monolithic integration [7] . Till now, there are two common solutions for this problem. One is to hybrid integrate the III-V compound semiconductors on silicon on insulator (SOI) substrates through bonding technology [8] , [9] . The other approach is to remove the active layer and fabricate the waveguides using a regrowth technique [10] . Nevertheless, both solutions increase the difficulty of fabrication especially taking the alignment problem between nano-structures into account. Therefore, if a low loss waveguide could be achieved based on the same material of optical sources, the fabrication process will be greatly simplified, which is significant for the monolithic integration based on the same material, no matter for the silicon based or III-V compound based PIC.
Unlike the strip waveguide concentrated light inside the high-absorption core regions, the slot waveguide, which consists of a thin low-index slot embedded between high-index regions, can confine and guide light in low-index slot region with only nanometer scale, due to the large discontinuities at high index-contrast interfaces [11] , [12] . Thus, the slot waveguide can effectively avoid the strong absorption in the high-index region. It has been reported that the propagation loss of Si slot waveguide can be as low as 5 dB/cm at optical wavelength of 1050 nm [13] , which is closed to the propagation loss of $2 dB/cm for the slot waveguide at 1550 nm [14] , [15] . However, the emission efficiency for III-V compound semiconductor is much higher than Si emitter at the state of art so that the power consumption of a monolithic PIC based on group III-V material maybe much lower. Therefore, a slot waveguide based on commonly used InP/InGaAsP/InP heterostructures for telecom-wavelength, which contains quantum wells, is simulated and optimized to reduce the propagation loss for monolithic integration. Simulated results show that the propagation loss could be as low as 1.5 dB/cm based on InP/InGaAsP/InP heterostructures with absorption coefficient of 3000 cm À1 for the InGaAsP active core layer [16] . Therefore, the slot waveguide provides a potential propagation solution for monolithic integration based on the same material.
Structure of the Slot Waveguide
The schematic of the slot waveguide is shown in Fig. 1(a) , which consists of a thin slot sandwiched between two high-index regions. The width of slot and high-index regions are noted as W s and W r , respectively. The high-index region is vertically formed by two 600-nm-thick InP cladding layers (gray regions, refractive index n c ¼ 3:1) and an embedded 100-nm-thick InGaAsP active core layer (red region). In this paper, slot waveguides are designed in the InP/InGaAsP/InP heterostructures, which are typical candidates for telecom-wavelength lasers or LEDs. For the InP/InGaAsP/InP heterostructures, the core material has higher absorption/gain coefficient than cladding material, and the optical field is confined in the core layer with high absorption/gain coefficient due to the refractive index difference between InP and InGaAsP. The absorption of the InP cladding layer for light at 1550 nm is very low. While the absorption coefficient of the InGaAsP active core layer is as high as 3000 cm À1 , which is evaluated from the quantum wells structure included in this layer [16] . The detailed parameter of the quantum wells is listed in Table 1 . Due to the weak refractive index between InP and InGaAsP, the optical mode is extended over 1 m in the vertical direction. So the thickness of InP layer is chosen to be 600 nm. Different to Si slot waveguide, in our proposed structure, only a small fraction of optical field is overlapped with the active layer (InGaAsP quantum wells) due to the weak refractive index distribution in the vertical direction. Around the slot waveguide silicon dioxide is considered as cladding (pink region, refractive index n s ¼ 1:45), which is easy to fabricated by spinning SOG (Spin on Glass). Also, it can be coated by polymer with low refractive index and low absorption efficient at 1550 nm [17] , or even void for some sensing applications [18] .
Since the slot waveguide enables the optical field to be concentrated inside the low-index slot regions without material absorption, as indicated in the blue line of Fig. 1(a) , low propagation loss of slot waveguide could be predicted even within strong absorption active material. For qualitative research, the optical modes of slot waveguides are numerically simulated based on the finite element method (FEM) combining with a complex refractive index. Then the propagation loss can be obtained from the imaginary part of the effective refractive index ðn eff Þ of the guided mode, as shown in
where, k 0 is the wavevector in the air, n eff;i is the imaginary part of the guided-mode's effective refractive index, l is the length of the slot waveguide. Here, effective complex refractive index of n a ¼ 3:4 þ 3:74 Â 10 À4 i, corresponding to a high absorption coefficient of 3000 cm À1 [16] , is adopted to character the absorption of the active media.
The optical modes of a slot waveguide and a strip waveguide calculated by FEM with the referred complex refractive index are compared and shown in Fig. 1(b) , which are the respective fundamental modal field patterns of E x component for TE polarization at wavelength ¼ 1:55 m. It can be seen that, in the strip waveguides, the vast majority of optical field is overlapped with the high index region. While, in the slot waveguides, a large fraction of optical field is confined in lowindex slot region. Also, due to the difference of mode profile, the effective refractive index of such two waveguides are quite different (2:62 þ 8:18 Â 10 À5 i vs 1:99 þ 2:75 Â 10 À5 i). From the imaginary part of the propagation constant of the two guided modes, the propagation loss of the strip waveguide with width of 420 nm is 28.5 dB/cm, while that of the slot waveguide with total width of 420 nm (W s ¼ 60 nm and W r ¼ 180 nm) is only 9.5 dB/cm. These results demonstrate that the slot waveguide can effectively reduce propagation loss even using a material with high absorption coefficient, since a large portion of the optical field is concentrated inside the low-index slot region.
Optimization of the Slot Waveguide
As the proportion of the optical field inside the slot region can be controlled by the proposed structure, the dependence of propagation loss on the slot width and high-index regions' width is investigated. To give the overall propagation losses under various widths of slot and high-index regions, the calculated results are summarized in Fig. 2 , where W s ranges from 20 to 100 nm and W r spans from 70 to 250 nm. It should be noted that when W s 9 100 nm and W r G 70 nm, the slot waveguide cannot support any guided mode. As indicated in Fig. 2 , narrow high-index regions and a wide slot are favourable for reducing propagation losses of slot waveguides. The lowest propagation loss is 0.4 dB/cm at W s ¼ 100 nm and W r ¼ 70 nm. But the electric field will spread with narrow high-index regions and a wide slot. The dashed white line in Fig. 2 indicates the width of electric field, W E ¼ 650 nm, which equals the width of electric field for 500-nm-wide silicon waveguide surrounded by silicon dioxide. Above the white line, W E is less than 650 nm, while below that, W E is larger than 650 nm. Then if we optimize the slot waveguide under the condition of W E G 650 nm, the lowest propagation loss is 1.5 dB/cm at W s ¼ 60 nm and W r ¼ 90 nm, which is close to the well fabricated silicon waveguide at 1.55 m [19] .
The reasons for the dependence of the propagation loss on the slot structure can be explained by the optical mode ðjE x j 2 Þ in the active core layer as a percentage of that in the total regions (named as a ), which is summarized in Fig. 3 . With the slot width fixed at 60 nm, the propagation losses of slot waveguides are calculated under the width of high-index regions in range of 70-250 nm, and the results are summarized in Fig. 3(a) (black line) . To reduce the width of each high-index region from 250 to 70 nm leads to a monotonic decrease in propagation loss from 15.6 to 0.5 dB/cm. Because a declines from 5.4% to 0.16% with the decreasing width of high-index region, as shown in the blue line of Fig. 3(a) . On the other hand, when the width of high-index regions is set as W r ¼ 120 nm, the propagation losses and a are calculated with W s in the range of 20 to 100 nm, as shown in Fig. 3(b) . Notice that the propagation losses gradually decrease from 7.5 to 2.9 dB/cm with increased W s due to a decreasing from 2% to 0.8%. Therefore, narrow high-index regions and a wide slot can reduce a and further reduce propagation losses for slot waveguides.
Finally, the propagation losses under different absorption coefficients of the active core layer and cladding ðSiO 2 Þ are calculated for more realistic applications with the optimized structure parameter as aforementioned. The absorption coefficients of SiO 2 are set between 0 to 4 cm À1 [20] . As shown in Fig. 4 , the calculation results show that the propagation losses are only increased about 0.2 dB/ cm with the absorption coefficients of SiO 2 increased from 0 to 4 cm À1 . Therefore, the influence of absorption from SiO 2 on the propagation losses is limited. What's more, the propagation loss has a basically linear relation with the absorption coefficient of the active core layer. Compared with the propagation loss of 42 dB/cm for the strip waveguide based on InP/InGaAsP/InP [5] , the propagation loss of slot waveguide, coated by SiO 2 with absorption efficient of 4 cm À1 , is only in range of 0.4-4.2 dB/cm with the absorption coefficient of active core layer between 500 cm À1 and 8000 cm À1 . This promising result indicates that adopting slot waveguide is a potential solution for monolithic integration based on the same active III-V material. In addition, the lossless coupling structures between slot waveguide and strip waveguide have also been demonstrated [21] - [23] , which allows the compatibility of slot structure waveguides with other devices. Moreover, the feasibility of fabricating slot waveguide based on InP/InGaAsP/InP heterostructures has been verified in our previous work [24] . The etching depth of 40-nm-width slot could be more than 1.8 m by inductively coupled plasma (ICP) etching, which corresponds to a record-high aspect-ratio of 45.
Conclusion
In conclusion, utilizing a slot waveguide based on the same active material with optical sources is proposed and studied to reduce the propagation loss for monolithic integration. The propagation loss of a slot waveguide is calculated based on a practical example formed by III-V compound material with an absorption coefficient of 3000 cm À1 . Given the limitation of width of electric field, widths of slot and high-index regions are optimized to reach the lowest propagation loss of 1.5 dB/ cm for the slot waveguide at 1.55 m with the entire structure covered by silicon dioxide. Based on the optimized structure parameter, the simulated propagation loss less than 4.2 dB/cm is obtained under different absorption coefficients in range of 500 to 8000 cm À1 . It should be noted that the slot structure can also be extended to other structures, such as horizontal slot waveguide or slot photonic crystal waveguide for realizing ultralow propagation loss in high absorption active material. Therefore, the slot waveguide provides a potential solution for monolithic integration based on the same material. 
